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a  b  s  t  r  a  c  t
We  report  the  structural  analysis  of  Na+ and  Cs+ in sodium  cesium  borate  crystals  and  glasses  using 23Na
and 133Cs magic-angle  spinning  nuclear  magnetic  resonance  (MAS  NMR) spectroscopy.  The  composition
dependence  of  NMR  spectra  of  the  borate  was  similar  to that  of  the silicate:  (1)  the peak  position  of  cesium
borate  crystals  shifted  to  upﬁeld  for  structures  with  larger  Cs+ coordination  numbers,  (2)  the MAS  NMR
spectra  of  xNa2O-yCs2O-3B2O3 (x =  0,  0.25, 0.5,  0.75,  1.0, x + y  =  1)  glass  showed  that the  average  coordina-
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orate glass
ixed-alkali effect
s
tion number  (CN)  of  both  the  alkali  cations  decreases  with  increasing  Cs /(Na + Cs )  ratio.  However,  the
degree  of  decrement  in  borates  is much  smaller  than  that  in  silicates.  We  have  considered  that  the  small
difference  in  CN  is  due  to 4-coordinated  B, because  it is  electrically  compensated  by the alkali  metal  ions
resulting  in  the  restriction  of  having  various  coordinations  of  O to alkali  metal.
©  2015  The  Ceramic  Society  of Japan  and  the Korean  Ceramic  Society.  Production  and hosting  by. Introduction
Mixed-alkali effect (MAE) is important in glass science because
t affects chemical durability, ion conductivity, etc. [1–5]. Sev-
ral structural models have been presented to explain MAE, for
xample, the site-mismatch model [3]. Although several kinds of
tructural analyses were performed to explore this effect, the struc-
ural origin of this effect is not fully understood [6,7]. One of the
easons for this is that the structural analyses mainly focused on
he glass network and not on the alkalis used in the analyses
8].
Recently, the local structures of alkalis in mixed-alkali silicates
ave been analyzed using solid-state magic-angle spinning (MAS)
uclear magnetic resonance (NMR) [9,10] and multiple-quantum
agic-angle spinning (MQMAS) NMR  along with quantum chem-
cal calculations [11]. The analyses revealed that Na+ ions were
eterogeneously distributed in mixed-alkali silicate glasses (Na2O-
2O-SiO2 glass) and that cations with higher ﬁeld strengths
re likely to occupy the sites with higher basicity, such as∗ Corresponding author. Tel.: +81 774384721.
E-mail address: tokuda@noncry.kuicr.kyoto-u.ac.jp (Y. Tokuda).
Peer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
ttp://dx.doi.org/10.1016/j.jascer.2015.09.002
187-0764 © 2015 The Ceramic Society of Japan and the Korean Ceramic Society. ProducElsevier  B.V.  All  rights  reserved.
the sites connected with larger number of oxygen atoms or
non-bridging oxygen atoms [10,11]. We have considered that
one of the reasons for MAE  is the heterogeneity of the alkali
sites.
Borates are important components for commercial glass and
also show MAE  [5,12–14], where the coordination number (CN)
of B depends on the concentration of the alkali oxide [15]. As is
well known, the CN of B gradually changes from three to four with
increasing alkali oxide content. The negative charge on B in 4-
coordinate site is compensated by the positive charge on the alkali
ion. Accordingly, non-bridging oxygen atoms are not generated;
however, with further increase in alkali oxide content, bridging
oxygen is generated. This behavior is quite different from what is
observed in silicate glasses [8]. The main question that arises is
what happens to the local structure of the alkali metals in mixed-
alkali borate glass; whether there is a heterogeneous distribution
of alkali metal ions similar to that observed in silicate glass, and
if there is, what is the extent of the heterogeneity. This ques-
tion is interesting from both technological and scientiﬁc points
of view.
In this study, we focus on cesium sodium borate glass because
23Na and 133Cs NMR  techniques are available to investigate the
local structure of the alkalis [10]. We have also performed struc-
tural analysis using extended X-ray diffraction (XRD) to support
the NMR  analysis.
tion and hosting by Elsevier B.V. All rights reserved.
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big. 1. XRD patterns of cesium borate crystal (a) CsB3O5 and (b) CsB9O14, and sod
sB3O5, 20-0282 for CsB9O14, and 28-1050 for NaB3O5). Unknown peaks are indica
nknown crystal phase.
. Experimental
.1. Preparation of sodium borate and cesium borate crystal
The starting materials, Na2CO3 (Wako Pure Chemical Industries,
td.), Cs2CO3 (Wako Pure Chemical Industries, Ltd.), and B(OH)3
Wako Pure Chemical Industries, Ltd.), were used as received.
A NaB3O5 crystal was prepared as a reference to deﬁne the
elationship between the 23Na NMR  chemical shifts and the CN of
a+ [16]. The stoichiometric mixture of the starting materials was
elted in a Pt crucible at 1000 ◦C followed by cooling the melt at
he rate of 5 ◦C/min to room temperature to obtain a crystal.
CsB3O5 and CsB9O14 crystals were also prepared as references to
eﬁne the relationship between the 133Cs NMR chemical shifts and
he CN of Cs+ [17,18]. The stoichiometric mixtures of the starting
aterials were melted in a Pt crucible at 1100 ◦C for 20 min. The
elts were quenched by water to obtain two kinds of cesium borate
lasses; CsB3O5 glass was maintained at 580 ◦C for 260 h to obtain
he crystal, while CsB9O14 glass was maintained at 500 ◦C for 46 h
o obtain the crystal.
.2. Preparation of cesium sodium borate glass
All the glass samples were prepared using the melting method
rom the above-mentioned starting materials. In a typical process,
redetermined quantities of the starting materials were mixed and
ere melted in a Pt crucible at 1200 ◦C for 30 min. Subsequently,
he melts were poured on stainless steel at 200 ◦C. The glasses thus
btained had the composition of xNa2O-yCs2O-3B2O3 (x = 0, 0.25,
.5, 0.75, 1.0, x + y = 1). The values of x and y were altered to elu-
idate MAE. The actual compositions of the glasses were analyzed
y X-ray ﬂuorescence spectroscopy (XRF; Rigaku, ZSX 100e). The
ifference between the batch and analyzed compositions was  <5%.
herefore, the compositions of the glasses are referred to as the
atch compositions in this report.orate crystal (c) NaB3O5. The inset bars are taken from JCPDS cards (27-0107 for
 *. CsB3O5 crystal is almost single phase, while CsB9O14 crystal is contaminated by
2.3. Characterization
The crystal structures of the samples were identiﬁed by X-ray
diffraction (XRD) analysis (Rigaku, RINT-2100). In addition, the XRD
patterns were also simulated from the crystal structure data using
VESTA [19].
Solid-state 11B, 23Na, and 133Cs NMR  spectra of all the crystals
and the glass samples were acquired on a Chemagnetics CMX400
spectrometer using a commercial probe (4 mm).  To avoid including
water, the samples were crushed into powder and were sealed in
sample holders in a glove box. After the measurements, the samples
remained in powder form, indicating that they had absorbed no
moisture. The rotation speed was  set at 10 kHz with an accuracy of
±10 Hz. When an external ﬁeld of 9.4 T was  applied, the resonance
frequencies were approximately 128.4, 103.7, and 53 MHz for 11B,
23Na, and 133Cs, respectively. For each measurement, 90◦ pulses
were set at 3, 2.2, and 10 s for 11B, 23Na, and 133Cs, respectively.
The spectra were obtained with cycle times of 5, 1, and 200 s for 11B,
23Na, and 133Cs, respectively. The chemical-shift references were 1-
mol/L aqueous solutions of B(OH)3, NaCl, and CsCl, whose chemical
shifts were set at 0 ppm. The spectra of 23Na and 133Cs MAS  NMR
were normalized, as the total areas are proportional to the alkali
metal content observed by NMR. For example, the area of the 23Na
MAS  NMR  spectrum of 0.8Na2O-0.2Cs2O-3B2O3 is 4 times larger
than that of 0.2Na2O-0.8Cs2O-3B2O3. Accordingly, the areas of the
spectra can be compared with each other. For the 11B MAS  NMR
spectra, the peaks were normalized as the heights of the highest
peaks were equal.
3. Results and discussion
3.1. XRD analysis of sodium borate and cesium borate crystalsThe obtained XRD pattern of crystalline NaB3O5 matched with
the reported ones [17,18]. The CN of B can be deﬁned as a discon-
tinuous point in the relationship between the B–O distance and the
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Fig. 2. Relationship between Cs–O distances and coordination numbers in (a) CsB3O5 crystal and (b) CsB9O14 crystal. The coordination numbers for CsB3O5 and CsB9O14
crystals are deﬁned as 7 and 10, respectively because there are coordination gaps at 0.35 nm.
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Fig. 4. Relationship between the crystal coordination number (CN) of Na+ and the
chemical shifts of 23Na in the silicate crystals.
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Fig. 5. 133Cs MAS  NMR  spectra of CsB3O5 and CsB9O14 crystals. The peaks denotedig. 3. NMR spectrum of NaB3O5 crystal. There are six peaks in the spectrum which is
onsidered to be due to three kinds of Na as *,◦ , and  for CN = 6, 7, and 8, respectively.
umber of oxygen atoms near boron [16–18]. According to this def-
nition, CNs of the three kinds of crystallographically independent
a sites that are crystallographically independent in crystalline
aB3O5 are 6, 7, and 8.
XRD patterns of crystalline CsB3O5 and CsB9O14 crystals are
hown in Fig. 1(a) and (b). Although there are unknown peaks (*)
n the XRD pattern, the main phases are identiﬁed as CsB3O5 and
sB9O14. As a matter of course, it is better to obtain the single phase,
.e., single crystals. However, the XRD patterns of the desired crys-
als are much larger than those of the unknown ones, indicating that
he main peak in the NMR  spectra can be assigned to the desired
rystal phase. Therefore, these samples are considered pure enough
o analyze the relationship between the CN and the chemical shift.
he number of oxygen atoms near cesium for CsB3O5 and CsB9O14
as plotted against the Cs–O distance, as shown in Fig. 2(a) and (b),
espectively. The CNs of the cesium atoms are determined to be 7
or CsB3O5 and 10 for CsB9O14 by the gaps at ∼0.35 nm.
.2. NMR  spectra of cesium borate crystal and glass
23Na MAS  NMR  spectrum of the NaB3O5 crystal is shown in Fig. 3.
s described above, there are three kinds of Na sites in this crys-
al. However the spectrum had six peaks, probably generated by
plitting each peak into two because of quadrupolar coupling. In
his study, Na sites of CNs 6, 7, and 8 can be assigned to the ﬁrst
nd second peaks, third and fourth ones, and ﬁfth and sixth ones
rom the right, respectively. Hence, the chemical shift of each Na is
eﬁned as the arithmetic average of the split peaks [10]. The calcu-
ated chemical shifts were plotted against the CN of Na, as shown
n Fig. 4. The linear relationship matches with a previous result
btained for silicate crystals [20]. Linear approximation providedby  * and + are considered to be the unknown crystal phases and the spinning side
bands, respectively.
the relationship between the CN of Na and the 23Na chemical shift
as follows:
ıNa = −12.7 × CNNa + 60.1, (1)
where ıNa and CNNa are the 23Na chemical shift and the CN of Na,
respectively.
133Cs MAS  NMR  spectra of CsB3O5 and CsB9O14 crystals are
shown in Fig. 5. Both the spectra have two  peaks. Small peaks at
60 ppm for CsB3O5 and at −100 ppm for CsB9O14 are assigned to the
contaminated phase that appeared in the XRD patterns (denoted
by *). The spinning side bands that also appeared are denoted by
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Fig. 6. 11B MAS NMR  spectra of xNa2O-yCs2O-3B2O3 glasses (x = 0.00, 0.25, 0.50,
0.75, 1.00, x + y = 1).
Table 1
Relative amounts of 4-coordinated and 3-coordinated B together with average coor-
dination numbers (CNs). Relative amounts were obtained by the curve ﬁtting.
4-coordinated B 3-coordinated B Average CN
x = 1.00, y = 0.00 0.65 0.35 3.7
x  = 0.75, y = 0.25 0.66 0.34 3.7
x  = 0.50, y = 0.50 0.56 0.44 3.6
x  = 0.25, y = 0.75 0.57 0.43 3.6
x  = 0.00, y = 1.00 0.65 0.35 3.6
20 0 -20 -40 -60 -80
In
te
ns
ity
 (a
.u
.)
Chemical shift / ppm
x
 1.00
 0.75
 0.50
 0.25
F
0
t
c
ı
w
r
N
o
c
3
4
d
w
i
n
y
100 0 -10 0
In
te
ns
ity
 (a
.u
.)
Chemical Shift  / ppm
       y
1.0
 0.75
 0.50
 0.25
Fig. 8. 133Cs MAS  NMR  spectra of xNa2O-yCs2O-3B2O3 glasses (x = 0.00, 0.25, 0.50,
0.75, 1.00, x + y = 1).
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Fig. 9. Average coordination numbers of Na+ and Cs+ in xNa2O-yCs2O-3B2O3 glassesig. 7. 23Na MAS NMR  spectra of xNa2O-yCs2O-3B2O3 glasses (x = 0.00, 0.25, 0.50,
.75, 1.00, x + y = 1).
he symbol +. The relationship between the CN of Cs and the 133Cs
hemical shift was also evaluated as follows:
Cs = −47.8 × CNCs + 388, (2)
here ıCs and CNCs are the 133Cs chemical shift and the CN of Cs,
espectively.
Next, the NMR  spectra for the glasses were analyzed. 11B MAS
MR  spectra of xNa2O-yCs2O-3B2O3 glasses are shown in Fig. 6, all
f which had a sharp peak at higher magnetic ﬁeld, assigned to 4-
oordinated B, and a broad peak at lower magnetic ﬁeld, assigned to
-coordinated B [21]. The area under the peaks assigned to 3- and
-coordinated B was calculated by spectrum deconvolution with
mﬁt [22]. The average CNs of B are in the range 3.6–3.7 (Table 1),
hich are in accordance with a previous report [21]. This resultndicated that the variation in alkali content does not affect the
etwork structure composed by borate.
Fig. 7 shows that in the 23Na MAS  NMR  spectra of xNa2O-
Cs2O-3B2O3 glasses, on replacing Na+ in the Na2O-3B2O3 glass(x = 0.00, 0.25, 0.50, 0.75, 1.00, x + y = 1).
with Cs+, the high-magnetic-ﬁeld component in the NMR  spec-
trum decreases in intensity, similar to the behavior observed for
silicate glass [10]. Additionally, as shown in Fig. 8, 133Cs MAS NMR
results indicate that the low-magnetic-ﬁeld component decreases
in intensity with decreasing Cs content. Here, we can compare the
intensity because the areas of the NMR  peaks were proportional to
the amount of Cs in the glasses as indicated in Section 2.
Using relationships (1) and (2), the average CNs of Na and Cs
were plotted against composition (Fig. 9). In Na-Cs borate glasses,
the average CNs of Cs are larger than that of Na, similar to silicate
glasses, which is a possible reason for MAE  from the viewpoint of
the glass structure.
The average coordination of the alkali metals decreased (from
6.5 to 6 for Na+ and from 9 to 8 for Cs+) with increasing value of
Cs+/(Na+ + Cs+). The decrement was also observed in silicate glass;
the CN of Na decreases from 9 to 7 and that of Cs from 14 to 9 [10].
Accordingly, the degree of the decrement in borates is much smaller
than that in silicates. This small difference is a major ﬁnding of this
research. Indeed, in the case of electrical resistance, MAE  in borate
glass is smaller than that in silicate glass [4,5].
We have considered the small difference in the CN as follows.
In the borate glass used in the present study, the majority of the
B content is 3-coordinated or 4-coordinated B, which is electri-
cally compensated by the alkali metal ions. This means that the
bonding pattern of the alkali metal ions and the borates is face shar-
ing. Accordingly, there are three O atoms at ﬁxed position on one
side surrounding the alkali metal ion, resulting in the restriction of
having various coordination numbers of O to alkali metal.
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. Conclusion
In conclusion, we have found the similarities and differences in
he environment of the alkali metal species in borate and silicate
lasses. In this study, we  have analyzed the local structure of the
lkali ions 23Na+ and 133Cs+ in cesium sodium borate glasses using
MR. To obtain the relationship between CN and chemical shift,
e performed NMR  analysis on NaB3O5, CsB3O5, and CsB9O14 crys-
als. The relationships were calculated as Na = −12.7 × CNNa + 60.1
nd Cs = −47.8 × CNCs + 388. In Na-Cs borate glasses xNa2O-yCs2O-
B2O3 (x = 0, 0.25, 0.5, 0.75, 1.0, x + y = 1), the CNs of both alkali
ations (Na+ and Cs+) decrease as the value of Cs+/(Na+ + Cs+)
ncreases. This difference in the average CN is considered a struc-
ural reason for MAE. In comparison with a previous study, the
ecrement in the CN of both alkali cations in borate glass is much
maller than that in silicate glass. We  considered that this decre-
ent is due to the 4-coordinated B that restricts the variety of
oordinated O in the surrounding area of alkalis. In the near future,
e plan to perform structural analysis of alkali ions in borosilicate
lass in order to understand the mechanism of MAE  in commercial
lass from the viewpoint of the alkali local structure.
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